Crosslinking of polyethylene would improve and modify its properties. A preferred method of crosslinking is via its silane grafting, initiated by peroxide. In this study, the grafting reactions of different types of low density (LDPE), linear low density (LLDPE) and high density polyethylene (HDPE) were studied and compared in efficiency, all in a fixed amount of silane (vinyltrimethoxysilane) and peroxide (dicumyl peroxide). Processing for silane grafting was carried out in an internal mixer for 15 minutes at 190 o C, and the silane grafting efficiency was determined through the corresponding peaks in their FTIR spectra. The effect of polymer physical form (powder versus granule) and premixing (the polymer with silane-DCP solution) prior to processing was also determined. In case of LDPE and LLDPE, three types of antioxidants (Irganox 1010, Irganox 1076, and KV10) were incorporated into the reaction mixture to assess their probable interference and effectiveness in grafting reaction. Finally, LDPE was melt blended with ethylene vinyl acetate (EVA) and once again with ethylene propylene diene monomer (EPDM) to investigate their effect on silane grafting efficiency. Amongst different grades of polyethylene, LLDPE had a better efficiency in silane grafting with regard to LDPE and HDPE. Furthermore, the lower molecular weight of polyethylene with narrower molecular weight distribution resulted in the more efficient silane grafting. In case of incorporating antioxidant, Irganox 1010 followed by Irganox 1076 had the best performance for LDPE, however, KV10 turned out to be more suitable for LLDPE. Finally, higher silane grafting efficiency was gained through blending polyethylene with EVA and EPDM.
Introduction
Polyethylene is a volume leader in the global plastic industry with numerous applications. However, its low upper service temperature makes ordinary polyethylene unsuitable for the applications requiring continuous use under stresses at up to 100 o C (for example in hot water pipes) or occasional increases in the temperature above a certain limit during extrusion and temporary electrical overloads on cables. By crosslinking polyethylene, some important properties would be drastically improved [1] [2] [3] [4] [5] [6] [7] ; these include better creep and wear resistance, increased long term service temperature, enhanced impact strength, improved aging characteristics, and better solvent resistance. Also the lower crystallinity degree after crosslinking leads to a slight decrease in thermal conductivity and a small increase in the diffusion coefficient. Some other applications include heat shrinkable products (in cable installation), steam resistant food packaging, and foams for thermal insulation. Uncrosslinked polyethylene has the melting point of 100-130 o C, however, after crosslinking no flow would be noticed even at 150 o C [4, 6] , where elastic behaviour is governed. Besides all the advantages associated with crosslinked polyethylene, it is also capable of absorbing high loadings of fillers compared to uncrosslinked polyethylene which become brittle on incorporating fillers.
There are some methods to crosslink polyethylene between which silane grafting is a common and beneficial approach to crosslink polyethylene which per se has no functional group or cure site to be crosslinked in a way similar to some other thermoset resins. This method can be done in two ways, either by grafting unsaturated hydrolysable alkoxysilanes onto or copolymerizing them into polyethylene chains [8, 9] , followed by processing and shaping the polymer into final product and then catalyzed crosslinking it in presence of water or steam. Recently, it is also possible to crosslink the silane-polyethlene copolymer in ambient temperature without a high moisture content. This would be possible through choosing some special catalysts [10] [11] [12] . In all these methods, the functional end groups saponize to silanoles in a hydrolysis reaction with water molecules, which are provided by diffusion and the polyethylene chains are linked with each other through siloxane bridges. Easy processing, low cost, capital investments, and favourable properties of processed materials are the advantages of silane crosslinking technology [13] . Further studies on this subject would be found in literature for interested reader [14] [15] [16] [17] [18] .
Considering the need to antioxidants for preventing or retarding oxidation degradation, it is important to study the proper type of antioxidant in crosslinked polyethylene which has no or the least interference with silane grafting reactions [19] [20] [21] . Frequently applied antioxidants for crosslinked polyethylene are mentioned in plastics additives handbook [22] , among which the influence of some common types of antioxidant is studied here. Furthermore, the effect of blending polyethylene with EVA and EPDM on grafting efficiency is studied. In cable jacketing especially for low voltage applications (< 10 kV) it is common to use up to 25 phr of EVA with low density polyethylene for improved flexibility, ageing behaviour, and some mechanical properties [23] [24] [25] . EPDM has an outstanding resistance to heat, light, oxygen, and ozone and used to improve polyethylene properties [26] [27] [28] [29] [30] . The result of this study could be generalized to material parameters affecting extent of functionalization or grafting of low molecular weight species to polyethylene by radical reaction in melt mixing.
Results and discussion
Here the aim is to characterize the influence of molecular structure, polymer additives (antioxidants type), and blending with other polymers (EPDM and EVA) upon the extent of silane grafting in polyethylene. This is important due to the inevitable effect on extent of the followed crosslinking [31] which was not the concern of current study.
During the processing in Haake internal mixer, the first increase in torque observed in Figure 1 is due to adding material(s). The torque decreases as the polymer starts plasticating and melting. The following increase is an indication of start of grafting reaction and occurred because of the increase in melt viscosity and it continues to a plateau. The final torque of silane-grafted polyethylene is higher than that of the neat one. If the mixing goes further in time the torque would further increase as a result of degradation crosslinking or silane crosslinking in presence of ambient water vapour (not shown in Figure 1 ). Prior to processing in internal mixer, pre-mixing method of the silane compound and peroxide with polymers plays an important role in final results since polyethylene hardly uptake the silane. To demonstrate this dependency, first the LDPE (LH0075) was added to internal mixer in forms of granules and at the prefixed temperature of 115 o C. After melting (observed through the first torque reduction), silane (4 phr) was added to it by using a glass syringe -since the boiling temperature of VTMO is 123 o C, it is to be added at such a temperature (115 o C). Then, the temperature of internal mixer was set to 190 o C. By reaching this temperature, DCP (0.04 phr) was added to internal mixer (approximately 18 minutes after the first addition of polyethylene to mixer) and the processing was continued till a rise in torque was observed (nearly 20 minutes later). It is note-worthy to say that since DCP would initiate polyethylene crosslinking reactions at even 120 o C, where silane has still no noticeable activity, in case of adding DCP together with silane at 115 o C there is a strong probability to have undesired crosslinking reactions by consuming DCP and hence no further silane grafting at higher temperatures. Hence, by designing the procedures in such a way that the silane was added first (at 115 o C), followed by the addition of DCP at 190 o C, we avoided the undesired possible peroxide initiated crosslinking reactions. Besides, by choosing such a low amount of DCP added to the mixture (0.04 phr) and thus making the ratio of silane to DCP to be almost 100, and considering that in the silane:DCP ratios of more than 50 the risk of crosslinking reactions initiated by DCP reaches almost zero, we avoided the undesired reactions. For confirming this hypothesis, we further fulfilled the gel content tests on some of the final resultant specimens, right after the processing. By immersion of the specimens in boiling xylene, we noticed almost no left polyethylene (as the gel content) after 24 hours. That proved the reliability of our processing method and reactants ratios.
Once again, the LH0075 (LDPE) granules with specified amounts of silane and DCP was poured in turbo-mixer and mixed for about one hour at 1500 rpm without any heating. The FTIR spectra of resultant samples from these two experiments after grafting process are shown in Figure 2 .
Peaks at 799, 1092, and 1192 cm -1 are the characteristic absorptions for Si-alkoxy groups (here, -Si-OCH 3 ) [9] . Obviously, the neat polymer has no peak at 1092 cm -1 . The 1092 cm -1 peak typically has the strongest absorbance [32] and is used as an indication of silane grafting extension in samples of this study. The peak at 1080 cm -1 is assigned to the Si-O-Si groups [32] that would be the result of crosslinking, which could occur to some extent even during grafting process. In such cases, the Si-OCH 3 is apt to be masked by strong Si-O-Si absorption [32] . The peak at 1378 cm -1 relates to CH 3 symmetric deformation [33, 34] . In Silane grafting reactions, the secondary and tertiary carbons are more frequent and also more apt to participate in reaction in comparison to primary carbons which are located at the end of chains and chain branches. Thus, it would be proper to choose the peak at 1378 cm -1 as the internal standard as it has little change in content, if any, during the silane grafting reactions. By choosing such an internal standard now the efficiency of silane grafting (E) can be investigated by calculating the ratio of the absorption peak of the Si-O-CH 3 groups at 1092 cm -1 to the absorption peak of the CH 3 groups at 1378 cm
This ratio is reported as the extent of silane grafting onto polyethylene. As it can be measured from Figure 3 , the E value is 0.61 for premixed LH0075. In case of the non-premixed sample there is no observed peak at 1092 cm -1 and instead, there is a peak at 1080 cm -1 . This peak is a result of formation of Si-O-Si bands, i.e. occurrence of crosslinking. As it consumes more time to fulfil the whole process with incorporating silane and DCP separately into internal mixer (when no premixing was done before), the mixture passed a longer time under processing before reaching the increase in torque. At such a high temperature (190 o C) and with presence of ambient water vapour, crosslinking reactions would commonly occur, and this is not desired. Based upon this observation and since the normalized peak at 1080 cm -1 is still short (normalized height of 0.385), indicating the low efficiency in silane grafting prior to crosslinking reactions, all other samples in following experiments went under one hour premixing (in turbo-mixer at 1500 rpm) prior to their processing. Now this should be noted that although the procedures were designed to include the premixing step (and not adding silane and DCP in two steps, as said here before), still both the premixing effect and the silane:DCP ratio helps avoid the formation of C-C cross-linkages, as proven by gel content tests.
To study the importance of polymer physical form (i.e. granular or powder form), LH0075 (LDPE) was premixed with specified amount of silane-DCP solution in powder form. After this premixing (conditions as specified before) and processing, the FTIR spectrum is shown in Figure 3 . Resulted E is calculated to be 0.93 for this powder form of polymer. Comparing with that of granular form with the same conditions of premixing and processing (E=0.61) it can be inferred that physical form of polymer has a great importance in increasing the silane grafting extent; in powder form there would be more surface area of polymer to uptake silane-DCP solution. To reach this better efficiency, powder form of polymer was selected rather than granular form in all other experiments of the current study. To assess the influence of molecular weight and molecular weight distribution the experiment was done on two other types of LDPE, i.e. 0200 and 023 besides the LH0075. The processing conditions and reactants' content was the same as previous experiments. The resultant spectra are shown in Figure 4 . Calculated E (efficiency of silane grafting) is 1.10 for LD023, 1.16 for LD0200, and 0.93 for LH0075. It can be concluded that silane grafting is more extended in LD0200 compared to LD023, followed by LH0075. Referring to the MFI values (listed in the Table 1 ), LH0075 has the lowest MFI value and thus has a higher molecular weight with regard to LD023; LD0200 has the highest MFI, an indication of lowest molecular weight. As already known, comparing the MFI values would be an indirect comparison of molecular weights. Thus, various values of MFI observed for these three LDPEs would declare a reason for LH0075 to be less apt to radical formation followed by silane grafting, and for LD0200 to be the most efficient one in silane grafting when compared to the other two. Put in the other words, for a polymer with higher molecular weight there is less tendency and probability for radical formation, as there would be less accessibility of polymer backbone for silane and the peroxide decomposition species. Furthermore, comparing the MFR values (the ratio of MFI at 10 kg load to that value under 2.16 kg load) for different polyethylenes would be a proper method of comparing molecular weight distributions: the higher MFR value would be a result of broader molecular weight distribution, and vice versa. Referring to the MFR values listed for the aforementioned polyethylenes in Table 1 , all these three LDPEs have a nearly same MFR. However, it can be seen that LH0075 and LD0200 have the highest and lowest MFR values within this narrow range, respectively. It means that the higher MFR value (i.e. broader molecular weight distribution) of LH0075 can contribute to its lower tendency for grafting reactions, although only to some extent. This can also be concluded for LD0200 which has the narrowest molecular weight distribution and the highest extent of silane grafting reactions.
The experiment was repeated for two LLDPEs, said 218N and 3052. The resultant spectra are shown in Figure 5 . E is 1.023 for 218N and 0.952 for 3052. The grafting reaction was less successful for 3052 than for 218N. Although there is difference between MFI values for these two LLDPEs, their MFR values are more significantly different. Thus, the influence of MFR differences on different extent of grafting would be of greater importance for these LLDPEs. The higher MFR value (Table 1) , 3052 has broader molecular weight distribution compared to 218N which again can be a reason for its lesser tendency for silane grafting. The spectra for similarly grafted LD023 (LDPE), 218N (LLDPE), and Ex3 (HDPE) are shown in Figure 6 . The higher standardized peak height at 1092 cm -1 for 218N with respect to that of LH0075 and Ex3 indicates that LLDPE is more apt to silane grafting reactions compared with LDPE. This also is true for LDPE compared with HDPE (Ex3 has the E value of 0.735). In initiating the silane grafting reaction by degradation of peroxides (herein DCP), peroxide decomposition species would participate in different reactions [6] ; they would combine with each other to form unsaturated species; inducing β-scissioning in polymer chain and thus leading to chain extension; and finally they would react with the vinyl unsaturation of the VTMS for grafting the molecule onto the polyethylene. Among all the aforementioned reactions, only the last one is desired and the other three would result in molecular structure changes and consequently lead to differences in crosslinking performance [31] . Different types of polyethylene have different tendency and probability for these side reactions and thus different extent of silane grafting would be obtained in fixed amounts of reactants for each type of polyethylene. However, the main reason for the more efficient grafting in LLDPE rather than LDPE and HDPE would be the existence of tertiary carbons in LLDPE which are more apt to react with free radicals initiating grafting reactions [31] , since the associated hydrogens are relatively easy to abstract during silane grafting reactions. Despite the tertiary carbons in LDPE, there also exists stereochemical hindrance due to clustered short chain branches. The fewer tendencies to silane grafting in HDPE can be related to the shortage of tertiary carbons. 
Incorporating antioxidants
Primary antioxidants are normally used to achieve thermo-oxidative stabilization. By decomposition of antioxidants in the processing conditions, some part of peroxide could be consumed by them in a "non-useful" reaction, which means that this portion has to be compensated for with additional peroxide and if not, there would be less silane grafting efficiency. The grafting process is limiting the choice of antioxidants since many of them are effective radical scavengers and can inhibit the grafting reaction [35] . Here the effect of Irganox 1010, Irganox 1076 and KV10 on silane grafting reactions of LH0075 are studied. In each case, the antioxidant was added to the silane-DCP solution and premixed with polyethylene in turbo-mixer prior to mixing in internal mixer. The resultant spectra of processed samples are shown in Figure 7 .
The thermo-oxidative products has the characteristic peaks between 1650 cm -1 and 1800 cm -1 ; here the transmittance peak at 1720 cm -1 is considered as the indication of thermo-degradation (designation of C=O groups), which is absent in neat sample and strongly present in processed one (containing no other reactant). Thus the standardized height of this peak is a designation of the extent of degradation. These values besides the standardized peak height at 1092 cm -1 (E) are presented in Table  2 . Referring to Table 2 , it would be possible to assess the effectiveness of antioxidants: the shorter standardized peak height at 1720 cm -1 and higher standardized peak height at 1092 cm -1 declares more effectiveness of antioxidant. In each case, besides reacting with existing DCP decomposed species, the antioxidant would also react with the polyethylene alkyl radical formed during processing. This may inhibit the grafting reactions. Comparing E value for samples containing antioxidant with the one without antioxidant declares this phenomenon.
Tab. 2.
Comparison between the possible extent of silane grafting and thermal degradation in LDPE (LH0075) for different incorporated antioxidants. All the samples contained 4 phr silane, 0.04 phr DCP, 0.1 phr antioxidant and premixed in turo-mixer for one hour, followed by processing in internal mixer for 15 
Amongst all types of used antioxidants, incorporating Irganox 1010 resulted in the least thermal degradation, followed by Irganox 1076, and finally KV10 in which the latter has actually no effect on preventing LH0075 from degradation, as the sample without antioxidant has the same peak ratio. However, regarding the nonconsiderable extent of silane grafting (near zero) it would be of no advantage to apply Irganox 1010 to LH0075 in grafting process with aforementioned amounts of silane and DCP. In a later study it was observed that with employing much higher amounts of silane and DCP (e.g. up to 6 phr silane and 0.4 phr DCP) silane grafting would occur in presence of this antioxidant. As the 0.1 phr antioxidant would be necessary for preventing the product from degradation (based upon our OIT experiments not disclosed here) a possible practical method to have a desirable grafting extent besides the least thermal degradation would be to incorporate a part of this predetermined amount within the process and have the left amount to be mixed in the catalyst masterbatch (to be used during crosslinking process). This has been done before in case of other additives (such as carbon black) which would have had interference with the silane grafting reactions [8] . An alternative is making use of higher amounts of peroxide which has disadvantage of some scorch occurring during the grafting stage resulting in formation of gelled spots and a rough surface on the product.
The previous experiment was carried out for 3052 (LLDPE) in the same amounts of VTMO and DCP as before and using 0.1 phr antioxidant (once Irganox 1010 and once again KV10 which were the most and the least effective ones for LH0075 as reported earlier). The resultant spectra are shown in Figure 8 . Table 3 reports the E values and the extent of thermal degradation for each sample.
As it can be observed through Table 3 , in case of LL 3052 the best antioxidant regarding the least thermal degradation is KV10, however, in contrary to LH0075, there still exists a fairly acceptable extent of grafting reaction (E=0.86 compared with E=0.95 for the case without antioxidant).
The spectra for LL 3052 with two different amounts of antioxidant are shown in Figure 9 . By using more amount of antioxidant, extent of grafting would be lessen (E= 0.526 for 0.15 phr antioxidant and E=0.608). Although more amount of antioxidant resulted in less probability for silane grafting to occur, but the dependency of LL3052 to the amount of antioxidant (at least in the applied range) is not so much and adding 0.05 phr more antioxidant reduced the grafting efficiency only by 13.5%.
Incorporating EVA and EPDM in LDPE
Besides increasing the density and permeability of polyethylene, the addition of EVA also causes low temperature flexibility and increased impact strength [24] . Moreover, it makes possible to apply more amounts of filler into the polyethylene compound [23, 24] . Due to the polarity of acetate groups in EVA, dielectric constant and dissipation factor are also increased. Here, two types of EVA with different vinyl acetate content (EVA 28% and EVA 40%) were used for investigation of the influence of vinyl acetate content on silane grafting reactions of LDPE (LH0075). The experiments were carried out on a fixed amount of EVA (4 phr) for EVA 28% and EVA 40%. Both LDPE and EVA in powder form were premixed in presence of 4 phr VTMO and 0.04 phr DCP for one hour using a turbomixer at 1500 rpm. The processing was done just like other aforementioned experiments and the resultant spectra are shown in Figure 10 . This indicates that incorporating EVA and increasing the vinyl acetate content would increase the extent of silane grafting (E is 1.140 in case of using EVA 28% and 1.143 in case of using EVA 40%; not using the EVA results in E= 0.93).
The explanation of this increase in silane grafting by increasing vinyl acetate content is that by increasing EVA, the amount of side chains increases, so does the tertiary carbons apt for grafting reactions. Moreover, the polarity of vinyl acetate (compared to non-polar nature of LDPE) facilitates the permeation of silane component into molecular structure of LDPE and thus providing better condition for grafting to occur.
Shown in Figure 11 , EPDM has the same effect as EVA on grafting extent of LH0075 and it can be seen that by blending polyethylene with 2 phr EPDM the extent of silane grafting has increased from E=0.93 to E=1.185. It can also be concluded that EPDM is more effective in increasing grafting efficiency, as by adding only 2 phr of it we came to an E value of 1.185, where 4 phr of EVA 40% could only increase the E value to 1.143. This could be due to the unsaturation in diene monomer existing in EPDM, which creates some additional reactive sites for silane grafting to occur; as no similar unsaturation is present in EVA, less efficient grafting would result in case of PE/EVA blends compared to PE/EPDM. 
Conclusions
In this study it was aimed to characterize the influence of molecular structure, antioxidants type, and blending with EPDM and EVA upon the extent of silane grafting in polyethylene (LDPE, LLDPE and HDPE), in an internal mixer. Grafting reactions can be well monitored through increase in torque and quantified by height of FTIR absorption peaks at 1092 cm -1 .
It is concluded that, premixing the mixture prior to processing in a turbo-mixer would result in a better efficiency in grafting, and reduce the probability of premature crosslinking during silane grafting reactions. Furthermore, the physical form of polyethylene plays a critical role in this efficiency, as the powder form results in better efficiency with regard to granules. Besides, LDPEs with different molecular weights (MFI values) have different grafting efficiencies, i.e. the one with lower molecular weight has more tendency for grafting reactions to occur, and vice versa; lower values of MFR (i.e. narrower distribution of molecular weight) would also contribute to reaching these results. Since the difference between MFR values are more significant compared to the difference between MFIs in studied LLDPEs, the influence of MFR values would also be of greater importance in discussing the result of the silane grafting extent: the LLDPE with low MFR value has the most tendency for silane grafting reactions.
Amongst different grades of polyethylene, LLDPE has the highest grafting efficiency followed by LDPE and finally, HDPE.
All three types of studied antioxidants for LDPE, frustrates the grafting reactions. However, in terms of reducing thermo-degradation, Irganox 1010 best performs for LDPE, followed by Irganox 1076 and KV10. This reduction of thermo-degradation can be determined via the normalized height of the absorption FTIR peak at 1720 cm -1 . Incorporating antioxidants in reaction mixture of LLDPE only frustrates the silane grafting reactions to some extent. For LLDPE, unlike LDPE, the best antioxidant is KV10 rather than Irganox 1010 due to both higher efficiency of silane grafting and the lesser thermo-degradation. Antioxidants reduce the occurrence of the silane grafting reactions and by increasing the applied amount of antioxidant, its frustrating role would also increase. However, an antioxidant would have less or more effect on the silane grafting efficiency or thermo-degradation of different types of polyethylene.
Considering that the 0.1 phr antioxidant (used in this study) would be necessary for preventing the product from degradation, a possible practical method to have a desirable grafting extent (in both LDPE and LLDPE) besides the least thermal degradation would be the incorporation of a part of this predetermined amount within the process and have the left amount to be mixed in the catalyst masterbatch (to be used during crosslinking process). Another method is increasing the amounts of silane and DCP.
Incorporation of EVA by melt blending with polyethylene increases the extent of silane grafting, and the higher vinyl acetate content results in the higher efficiencies. EPDM has the same effect as EVA on grafting extent of LDPE, however, it is more effective in increasing grafting efficiency of polyethylene compared to EVA.
Experimental part

Materials
Polymers: Low density polyethylene (LDPE), trade names LH0075, Kemcor LD0200, and LD023 were supplied by Bandar Imam Petrochemicals Co. (Iran), Qenos Pty Ltd (Australia), and Qatar Petrochemical Corporation (Qatar), respectively. High density polyethylene (HDPE), trade name Ex3 supplied by Arak Petrochemicals Co. (Iran). Linear low density polyethylene (LLDPE), trade names 218N, and BPD 3052, were supplied by Saudi Basic Industries Corporation (Saudi Arabia), and INEOS Polyolefins (China), respectively. Ethylene vinyl acetate copolymer (EVA) was prepared by Exxon (USA, VA%=18, density of 0.94 g/cm 3 ). EPDM with the trade name Vistalon 7500 (obtained from ExxonMobil Chemical Company (USA)), was a terpolymer containing ethylene (55 weight percent), propylene and ethylidene norbornene (5 weight percent). All the polymers were received as granules except the EPDM which was in chips form.
Silane: As the most common silane used in the manufacture of silane crosslinkable polyethylene is vinyltrimethoxysilane [36] , here the silane used was vinyltrimethoxysilane (Dynasilane VTMO, Huls Chemical Co., Germany) in liquid form and boiling temperature of 123 o C.
Peroxide: Free radiacals are needed to initiate silane grafting by abstracting hydrogen atoms from the macromolecules (said alkylradicals); these free radicals are generated from thermally degradable organic peroxides [37] , with the most prefered one being dicumylperoxide (known as DCP). It is also possible for unsaturation on silane to be attacked by peroxide followed by reaction with the PE chain [1] . For the current study, the peroxide was dicumyl peroxide (DCP) with 98% purity and melting point of 49 o C supplied by Hercules Incorporated.
Antioxidant:
The antioxidants were IRGANOX 1010, IRGANOX CABLE KV10, and IRGANOX 1076, all provided by Ciba Specialty Chemicals, Switzerland.
Acetone (purity 99.5%) was supplied by Merck Ltd, and used as received.
Equipments
The MFI of pure polymers was determined through a model 5MPCA MFI equipment (Ray-Ran Co. England) according to ASTM D1238, once under 10.00 kg and once again under 2.16 kg load, both at 190 o C. The MFR was calculated by dividing these two values, as reported in Table 1 .
In case of using polyethylenes in powder form the granules were powdered by Pulman Powder Mill (Germany).
Premixing was done using a turbo-mixer (TM-2002 Model) manufactured by Borhan Pooya Chemi Trading Ltd. (Iran).
The grafting process was completed in an internal mixer (Rheomix Haake, SYS 90, NJ, USA) with a banbury-type rotor. Fourier transform infrared (FTIR) spectroscopy was carried out by FTIR, Bruker IFS 48 on thin films for evaluating the extent of grafting. Thin films for spectroscopy analysis were prepared by a hot press at 170 o C and unreacted silanes were leached out with acetone prior to FTIR spectroscopy.
Procedures
Required raw materials for silane grafting are polyethylene (LDPE, HDPE and LLDPE) in powder form, vinyltrimethoxysilane, and peroxide compound, herein dicumyl peroxide known as DCP. All the experiments were carried out on optimum amounts of DCP (0.04 phr) and silane (4 phr) obtained from previous works. A solution of silane and DCP in predetermined amounts was prepared for each batch and polyethylene once in granular and once again in powder form soaked and mixed in this solution using the turbo-mixer at 1500 rpm for one hour. In case of incorporating antioxidant, an amount of 0.1 phr was added to aforementioned solution prior to mixing in turbo-mixer. Silane grafting of polyethylene was carried out in the melt in a batch operation using internal mixer. The rotor speed, processing time, and the temperature were 60 rpm, 15 minutes, and 190 o C, respectively. For assessing neat polymers (no other reactant) they were processed directly in internal mixer without any premixing. In incorporating EVA or EPDM they were used as powder and chips, respectively and added to polyethylene prior to premixing. Thin films for FTIR analysis were prepared from each sample through hot pressing.
